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AERODYNAMIC DAMPING OF A 0.02-SCALF: SATURN SA-1 MODEL 

VIBRATING I N  TKE FIRST FREE-FREE BENDING MODE 

By Perry W. Hanson and Robert V. Doggett, Jr. 

SUMMARY 

The aerodynamic damping of a f l ex ib ly  mounted 0.02-scale ae roe la s t i c  model 
of t h e  Saturn SA-1 launch vehicle vibrat ing i n  t h e  f i r s t  f ree- f ree  mode w a s  meas- 
ured at  Mach numbers from 0.70 t o  2.87 at  several  l eve l s  of dynamic pressure.  
Also invest igated were two other  configurations. 
with r i g i d  s t a b i l i z i n g  f i n s  added at the  rear o f  t he  model, and t h e  o ther  con- 
f igu ra t ion  had, i n  addi t ion t o  the  f in s ,  a winged spacecraft  which replaced t h e  
nose cone of t h e  scaled model. 

One w a s  t h e  bas ic  scaled model 

An " e l e c t r i c a l  power-input" method w a s  used t o  determine the  damping of t he  
configurations t e s t ed .  The experimentally determined values are compared with 
some applicable theo re t i ca l  r e su l t s .  The r e s u l t s  of t he  inves t iga t ion  ind ica te  
t h a t  aerodynamic damping i n  t h e  first free-free e l a s t i c  v ibra t ion  mode w a s  s m a l l  
and s t a b i l i z i n g  f o r  a l l  configurations tes ted .  

Agreement of calculated aerodynamic damping der ivat ives  with the  experi- 
mental r e s u l t s  w a s  e r r a t i c .  Good agreement was obtained between t h e  experimental 
r e s u l t s  and some empirical quasi-steady calculations based on s t a t i c  pressure 
d i s t r ibu t ion  measurements made on a r i g i d  model of similar geometry. 

INTRODUCTION 

The aerodynamics associated with e las t ic  deformations of launch vehicles  
during t h e  high dynamic pressure port ion of t h e i r  boost t r a j e c t o r i e s  i s  playing 
an increasingly important ro l e  i n  determining t h e  design requirements f o r  sta- 
b i l i t y  and s t rength  of t he  vehicles.  Launch-vehicle s t ruc tures  are of necessi ty  
r e l a t i v e l y  f l e x i b l e  and can be subject t o  aeroe las t ic  i n s t a b i l i t i e s  pa r t i cu la r ly  
i n  t h e  cases where l i f t i n g  spacecraf ts  are involved. The need f o r  su i t ab le  theo- 
r e t i c a l  approaches and experimental da t a  on the osc i l l a to ry  aerodynamic 



derivat ives  of  f l ex ib l e  slender bodies of revolution cha rac t e r i s t i c  of launch 
vehicles has l e d  t o  a research program oriented (1) t o  evaluate methods of 
handling these s t ruc tu ra l  dynamics problems, (2 )  t o  provide a b e t t e r  under- 
standing of  the  general nature of these problems, and ( 3 )  t o  provide design infor-  
mation for  selected spec i f ic  vehicles.  

A s  part  of t h i s  program, the  f e a s i b i l i t y  of using f l e x i b l e  models t o  provide 
experimental data  on t h e  osc i l l a to ry  aerodynamic damping charac te r i s t ics  of slen- 
der  f lex ib le  bodies w a s  investigated and t h e  r e su l t s  reported i n  reference 1. 
These resul ts  indicated t h a t  aerodynamic damping on bodies of t h i s  type w a s  very 
s m a l l .  However, t he  model used i n  reference 1 w a s  a simple smooth cylinder with 
a blunt conical nose. 
extended t o  launch vehicles t h a t  have much more complicated shapes. 

The question arises as t o  whether t he  technique could be 

Therefore, t he  present invest igat ion w a s  undertaken t o  measure the  osc i l l a -  
t o ry  aerodynamic damping der ivat ives  of a 0.02-scale aeroe las t ic  model of t h e  
Saturn SA-1 launch vehicle.  
of adding f i n s  and a winged spacecraft  i n  place of t h e  regular nose cone were 
investigated. 
t h e  e l e c t r i c a l  power-input method described i n  reference 1. 

I n  addition, t h e  e f f ec t s  of adding r i g i d  f i n s  and 

The aerodynamic damping measurement technique used w a s  e s sen t i a l ly  

The t e s t s  were conducted i n  t h e  Langley 8-foot t ransonic  pressure tunnel 
over t h e  Mach number range from 0.70 t o  1.20 and i n  t h e  Langley Unitary Plan 
wind tunnel over t h e  Mach number range from 1.50 t o  2.87. 

Several t heo re t i ca l  approaches ( r e f s .  2 t o  7) were used t o  ca lcu la te  pre- 
dicted aerodynamic damping coeff ic ients .  
theor ies  are  presented i n  the  appendix. 
mental resul ts .  

Considerations used i n  applying t h e  
The r e su l t s  a re  compared with t h e  experi- 

SYMBOLS 

A d i s t r ibu t ion  function of damping port ion of aerodynamic loading 

b ( t )  nose amplitude 

CA generalized aerodynamic damping 

Ccr c r i t i c a l  value of damping, 2MSu 

C S  s t ruc tu ra l  damping 

C A damping derivative,  2pk - 
Ccr 

steady-state sect ion normal-force -curve slope 
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frequency of f i r s t  free-free bending mode 

frequency of model rigid-body p i t ch  mode 

mode shapes based on uni t  t i p  deflection of 

e l e c t r i c a l  current through shaker moving co 

reduced frequency, v 

length of bas ic  model, 3.238 f t  

generalized s t ruc tu ra l  mass 

free-stream Mach number 

model center l i n e  

Is 

e l e c t r i c a l  power consumed by shaker moving c o i l  c i r c u i t  

dynamic pressure, $* 
proport ional i ty  constants i n  equation (1) 

generalized force associated w i t h  aerodynamic damping 

e l e c t r i c a l  res is tance of shaker moving c o i l  c i r c u i t  

radius of model a t  rear,  0.217 f t  

nondimensional model radius at  s ta t ion  x 

reference radius ( radius  of cylinder enclosing scalloped port ion of 
model, 0.214 f t )  

t i m e  

free-stream veloci ty  

t o t a l  model weight 

longi tudinal  coordinate measured from nose of bas ic  model configura- 
t ion,  pos i t ive  aft 

longi tudinal  locat ion of shaker applied sinusoidal force 

r a t i o  of spec i f ic  heats, a i r  
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0 angle between sloping portions of model surface and model undeflected 
center l i n e  i n  t h e  v e r t i c a l  plane 

P tes t  medium density 

P 
MS P mass ra t io ,  MS mass ra t io ,  

03 c i r cu la r  frequency 

Subscripts: 

M model propert ies  

F fu l l - s ca l e  vehicle propert ies  

Dots over symbols ind ica te  der ivat ives  with respect t o  t i m e .  

APPARATUS AND TEST PROCEDURE 

Model and Support System 

General dimensions of t h e  th ree  model configurations t e s t e d  are presented 
i n  f igu re  1. The basic  model configuration w a s  a 0.02-geometric-scale aeroe las t ic  
model of the Saturn SA-1 launch vehicle at a pa r t i cu la r  point i n  i t s  boost tra- 
jectory.  The f i n s  are a 0.02 geometric sca le  of a proposed f i n  configuration f o r  
a la te r  Saturn vehicle.  The winged spacecraft  has a scaled wing area and shape 
t h a t  approximates t h a t  of a proposed spacecraft .  The dimensions of t h e  f i n s  and 
the  winged spacecraft  (which were not dynamically scaled)  are presented i n  f i g -  
ures 2 and 3, respectively.  

Scaling.- A point on the  boost t r a j ec to ry  where the  vehicle w i l l  be sub- 
jected t o  the highest dynamic pressures w a s  chosen as t h e  point at which t h e  vehi- 
c l e  weight d i s t r ibu t ion  would be scaled and flow conditions simulated. However, 
as t h e  model neared completion it became apparent t h a t  t he  s t i f f n e s s  l eve l s  
desired i n  t h e  model were not being rea l ized  and t h e  model s t i f f n e s s  and mass 
l eve l s  were a l t e r ed  t o  scale  t h e  fu l l - s ca l e  vehicle  at  a Mach number s l i g h t l y  
lower (NMa = 1 .2  instead of 1.3)  and a w e i g h t  condition s l i g h t l y  heavier 
(6.44 x 105 pounds instead of 6.28 x 105 pounds) than o r ig ina l ly  ant ic ipated.  
These revised fu l l - sca l e  vehicle propert ies  and flow conditions a re  shown i n  
t a b l e  I along with t h e  scaled values and t h e  ac tua l  model propert ies  and m a x i m u m  
model flow conditions a t  An attempt w a s  made t o  sca le  both mass and 
s t i f fnes s  d is t r ibu t ion  only f o r  t h e  bas ic  model. 
values of generalized mass and c r i t i c a l  s t r u c t u r a l  damping f o r  a l l  th ree  model 
configurations, and t h e  scal ing re la t ions  used f o r  t h e  bas ic  model configuration. 

NMa = 1.2. 
Also shown i n  t h e  t a b l e  are 
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Figure 1.- Model geometry (plan view). A l l  dimensions are i n  inches except as noted. 
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Figure 2.- Fin geometry. All dimensions are i n  inches except as noted. 
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Figure 3. -  Geometry of  winged spacecraft .  All dimensions are i n  inches except as noted. 
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TABLE I.- SCALING RELATIONS AND PHYSICAL PROPEXTIES OF MODELS 

Properties 
and 

flow 
conditions 

Full-scale 
vehicle 
values 

I 
N h . .  . . . . . . . .  
V, f t /sec . . . . . . .  
q, lb/sq f t  . . . . . .  
p, slugs/cu f t  . . . .  
pV, lb-sec/cu f t  i . . 
W, l b . .  . . . . . . .  
Center of gravity, 

in.  from rear  . . . .  
fh, C P S . .  . . . . . .  
fQ, cps . . . . . . . .  
Ms, Slugs . . . . . . .  
Ccr, lb-sec/ft . . . .  

1.2 
1,200 
670 

9.3 x 10-4 
1.12 

6.44 x 105 

729 
2-9 
0.; 

"Scaling relations used: 

LM 
LF 
- = 0.02 

Scaled 
vehicle 
values 

( a )  

1.2 
1,255 
1, loo 

1.75 
7.73 

L3.95 x 10-1 

14.58 
151 
15.7 

Actual model properties and maximum 
flow conditions a t  N b  = 1.2 

Basic model 

1.2 
1,255 
1,250 

15.9 x 10-4 
1.96 
7.78 

14.63 
153 
14.4 

0.0305 
58.4 

Sasic model 
w i t h  f i n s  

1.2 
1,255 
1,250 

15.9 x 10-4 

8.07 
1.96 

14.20 
148 
14 .O 

0.0320 
59-4 

PM - = 1.50 
PF 

bFins and winged spacecraft are not e las t ica l ly  scaled components. 

Basic model 
? i th  f i n s  anc 

winged 
spacecraft 

(b )  

1.2 
1,255 
500 

0.67 
8.22 

6.36 x 10-4 

14.83 
118 
12.6 

69.5 
0.047 

Construction.- Some of t he  d e t a i l s  of model construction, t h e  support system, 
and t h e  method of model exc i ta t ion  a re  shown i n  t h e  photographs of f igure  4. The 
model skin was  constructed of f i b e r  g lass ,  t he  thickness of which governed the  
s t i f f n e s s  along the  model. Only a negl igible  amount of s t i f f n e s s  w a s  contributed 
by t h e  f i r s t - s t age  skeleton. The purpose of t h e  skeleton w a s  t o  s t i f f e n  t h e  model 
r ad ia l ly  and t o  provide attachment poin ts  f o r  weights, instrumentation, and t h e  
rear mounting springs.  
under the s t i n g  i n  t h e  longi tudinal  pos i t ion  it would occupy on the  s t ing .  
mounted on the  sting a re  the  f i r s t - s t a g e  skeleton, t h e  forward and rear model 
"snubbers" which were extended t o  physical ly  r e s t r a i n  t h e  model during s t a r t i n g  
and stopping t r ans i en t  flow conditions, and t h e  electromagnetic shaker which w a s  
used t o  excite t he  models a t  t h e i r  f irst  f ree- f ree  na tura l  frequencies. A more 
de t a i l ed  view of the  f i r s t - s t age  skeleton, which w a s  formed from an aluminum tube, 
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I n  figure 4(a) t h e  model skin o r  s h e l l  i s  shown assembled 
Shown 



(a) Assembled model shell with first-stwe skeleton and electromagnetic shaker on s t ing.  

(b) Details of f i rs t -s tage skeleton. L-63 - 3195 

Figure 4.- Model construction and method of mounting and shaking. 
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i s  shown i n  f igure 4(b).  
used t o  obtain the  proper mass dis t r ibut ion.  
ponents disassembled except f o r  t h e  f i n s  being attached t o  the  shaker sect ion of 
of t he  model. 
and conical base were machined from aluminum and made hollow t o  decrease the  
weight. 
system i s  shown i n  f igures  4(e), 4 ( f ) ,  and 4(g).  
gram of the overal l  spring support system. The forward-support spring assembly 

Also shown are some of t h e  lead  ba l l a s t s  which were 
Figure 4(c)  shows the  model com- 

Figure 4(d) i s  a photograph of t h e  winged spacecraft. The fuselage 

The w i n g s  are so l id  1/8-inch-thick aluminum alloy. The model support 
Figure &(e)  i s  a schematic dia- 

L-61-6022 ( c )  Model component par t s .  

( a )  Winged spacecraft. 

Figure 4.- Continued. 
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Forward node R e a r  midplane stress 
re l i ev ing  spr ing Rear-support spr ing  

-- - --- 2 Deformed model Rear n o d e r  
Model center  l i n e  i n  

rigid-body motion 

(e )  schematic diagram of spring support system. 

( f )  Forward-support spring assembly. 

( g )  Rear-support spring assembly and details  of electromagnetic shaker. 

Figure 4.- Continued. 

L-63-3196 
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i s  shown i n  d e t a i l  i n  f igure  4 ( f ) .  
attached t o  the  s t ing  through a set of p a r a l l e l  transverse springs.  These springs 
can move fore  and aft as t h e  l ea f  springs def lec t .  
midplane s t resses  i n  the  leaf springs caused by "rigid-body" motions. 
ends of the leaf  springs are attached t o  the  model appl-oximately a t  t h e  f i r s t  
f ree-f ree bending mode forward node point .  

The upstream end of t h e  leaf spring i s  

This arrangement a l l e v i a t e s  
The o ther  

The electromagnetic shaker and rear-support spring assembly are shown i n  
The s ta t ionary  port ion of t h e  shaker ( f i e l d  c o i l s  and d e t a i l  i n  f igure  4(g) .  

poles)  was attached t o  t h e  st ing,  whereas the  armatures o r  moving c o i l s  were 
a t t a c h e d t o  t h e  model. The tube shown extending along t h e  f i e l d  c o i l s  i s  perfo- 
ra ted  on the  s ides  next t o  t h e  co i l s .  The shaker w a s  cooled by forcing a i r  down 
t h e  inside of t he  s t i ng  and out i n to  t h e  perforated tubes from which it w a s  
sprayed onto the  f i e l d  co i l s .  Just forward of t he  shaker i s  t h e  rear "snubber." 

The upstream ends of t h e  rear-support leaf springs were attached t o  t h e  s t i n g  
i n  t h e  same manner as t h e  forward springs.  The downstream ends were attached t o  
t h e  f i r s t - s t age  skeleton approximately at  t h e  r ea r  node point of t h e  first f ree-  
f r e e  bending mode. The s t i f fnesses  of these support leaf springs w e r e  chosen so  
t h a t  t h e  model would p i tch  about i t s  center  of g rav i ty  with a frequency t h a t  
scaled tha t  of t h e  fu l l - sca le  vehicle.  

The f i r s t - s t age  s h e l l  (an in t eg ra l  piece of f i b e r  g lass  t h a t  had a "scal- 
loped" cross section t o  simulate t h e  clustered tankage port ion of t h e  fu l l - s ca l e  
vehic le )  was attached t o  t h e  skeleton. 
f i gu re  4 (h ) .  The view i s  from t h e  downstream end of t he  model toward t h e  upstream 
end and shows t h e  t r a n s i t i o n  from t h e  c i r cu la r  cross sect ion at t h e  end t o  t h e  
scalloped cross section. Also shown are t h e  skeleton mounting pads. These alumi- 
num pads were machined t o  f i t  t h e  contour of t h e  scal lops and were bonded t o  t h e  
f i b e r  glass s h e l l  while it w a s  being molded. Screws through these pads i n t o  
threaded ho le s  i n  t h e  skeleton held t h e  s h e l l  securely t o  the  skeleton r ings.  

An end view of t h i s  s h e l l  i s  shown i n  

Model physical  properties.-  Three model configurations were tes ted .  The 
first,  referred t o  as the  basic  model configuration, w a s  a 0.02-geometric-scale 
aeroe las t ic  model of t he  Saturn SA-1 launch vehicle.  The second configuration 
w a s  merely t h e  bas ic  model with r i g i d  f i n s  added i n  the  horizontal  plane a t  the  
aft  end of t h e  model. 
a r i g i d  winged spacecraft  t h a t  replaced t h e  nose cone and some b a l l a s t  weight on 
t h e  bas i c  model. The t o t a l  model weights, centers of gravity, generalized masses, 
values of c r i t i c a l  s t ruc tu ra l  damping, and na tura l  frequencies are presented i n  
t a b l e  I. The generalized masses were calculated from experimentally determined 
m a s s  d i s t r ibu t ions  (model components were weighed p r i o r  t o  assembly) and mode 
shapes. The weight d i s t r ibu t ions  f o r  all th ree  model configurations are shown 
i n  t a b l e  11. 
t h e  nose of t h e  basic  model f o r  a l l  th ree  configurations. 

The t h i r d  configuration w a s  t he  basic  model with f i n s  plus  

The posi t ions along t h e  model longi tudinal  axis are measured from 

The model mode shapes were dete-mined by forcing t h e  model with t h e  electro-  
magnetic shaker a t  the  resonant frequency and measuring the  var ia t ion  along t h e  
model of the r e l a t i v e  v e r t i c a l  displacement by means of a s m a l l  velo.city pickup. 
The first free-free bending mode shapes and na tura l  frequencies f o r  a l l  t h ree  con- 
f igura t ions  are presented i n  f igure  5 .  Also, t h e  fu l l - s ca l e  vehicle  mode shape 
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(h) End view of first-stage she l l .  

Figure 4. - Concluded. 

G 61- 6020.1 

(unpublished data from Marshall Space Fl ight  Center) i s  compared with tha t  of t he  
basic  model. It w a s  planned t h a t  the  investigation would cover f ree-free bending 
modes higher than the  first but "hoop" modes ( t h a t  involved deformations i n  cross 
sect ions)  coupled with the  higher bending modes and made any measurements i n  these 
modes of questionable value. 
cover the  rigid-body p i tch  mode of vibration but t h i s  mode coupled with s t ing  
motions so t h a t  the  model could not be forced i n  a pure pitching mot.ion. 

Also, it was  planned t h a t  the  investigation would 



TABU 11.- WEIGHT DISTRIBUTION 

E measured from nose of basic  model, pos i t ive  rearward; L = 3.238 fq 

-0.126 
- .068 

053 
.113 
139 - 153 

.178 

.212 
-238 
305 
334 
-381 

0 

.407 

.483 

.496 

.541 
,566 
* a 5  
,698 
.711 
-723 
.741 
.766 
-791 
.810 
.839 
.865 
,894 
-919 
.966 
974 

1.000 

Weight d i s t r ibu t ion ,  lb/in. ,  f o r  - 

Basic model 

------ 
e----- 

0 ------ 
.0258 
.8090 

- 2570 
.01k3 
.1484 
.0156 
-5500 
.0210 
.6426 
.0210 
.3608 
.0500 
3581 

.0638 
* 2798 
.0638 
.1278 

.0638 
1.0960 

1.3080 
.0638 
.2290 

.0143 

. 0 6 3  

.7481 

. 069  

-e---- 

.Ob00 

.4412 

Basic model 
with f i n s  

---e-- 

------ 
0 ------ 

.0258 

.8090 

.0143 
2570 

.0143 

.1484 

.0156 
5500 

.0210 

.6426 

.0210 

.3608 

.0500 

.3581 

.0638 
2798 

.0638 

.1278 

.0638 

.7481 

.0638 
1.0960 

.0638 
1.3080 

.0638 
3312 

.1422 

.Oh00 

.4412 

Basic model with 
f i n s  and 

winged spacecraft  

0 
.0864 

.0483 
------ 

.0217 

.4870 

.0143 
2570 

.0143 

.1484 

.0156 - 5500 

.0210 

.6426 

.0210 

.3608 

.0500 
3381 

.0638 - 2798 

,1278 
.0638 

1.0960 

1.3080 
.0638 - 3312 
.1422 
.0b00 
.4412 

.069  

.7481 

.0638 

.0638 



.OP-scale model, N h  = 1.2  weight condi t ion 
- - -- Full-scale ,  N M ~  = 1.3 weight condi t ion 

H(x) 

-.5- 

Basic model 

1.0 

.5 

0 

-.5 

fh,M = 148 

Basic model w i t h  f i n s  

-r 2.0 

H(x) E 
.5 L 

/ 

L I 
t \  

f h , ~  = 118 cps 

/ 

1 1 1 1 1 1 L 
-.2 0 .2 .4 .6 a 1.0 

x/L 

- -  

Figure 5.- Mode shapes of configurations tes ted .  



Instrumentation 

The model instrumentation consisted of th ree  e l e c t r i c a l  wire res i s tance  type 
s t r a i n  gages bonded t o  the  skin t o  monitor bending moments on the  model and t o  
indicate  r e l a t i v e  vibration amplitude and three  skin thermocouples t o  ind ica te  
t h e  skin temperature. The locat ions of these  pickups on the  bas ic  model are 
shown i n  f i gu re  1. Thermocouples a l so  were imbedded i n  the  moving c o i l s  and 
f i e l d  coi ls  of the  shaker i n  order t o  provide a means f o r  monitoring the  c o i l  
temperatures. 

A variable-frequency o s c i l l a t o r  and power amplif ier  were used t o  provide 
a l te rna t ing  current t o  t h e  shaker moving c o i l s  and a direct-current  var iab le  
voltage power supply w a s  used t o  provide d i r e c t  current t o  the  shaker f i e l d  co i l s .  
A fouling l i g h t  c i r c u i t  provided a means of determining t h a t  t h e  moving c o i l s  
were riding f r e e  of t he  s ta t ionary  p a r t s  of t h e  shaker. 

The readout instrumentation consisted of t h e  following i t e m s :  

(1) True root-mean-square vacuum tube voltmeter: indicated model v ibra t ion  
amplitude from s t r a i n  gages 

( 2 )  True root-mean-square vacuum tube voltmeter: used across a precis ion 
1-ohm re s i s to r  t o  indicate  current applied t o  moving co i l s  of shaker 

(3)  Direct-current ammeter: indicated current applied t o  f i e l d  co i l s  of 
shaker (held constant a t  2.5 amps) 

( 4 )  Low-power-factor wattmeter: indicated power drawn by moving c o i l s  

( 5 )  Oscilloscope: provided means f o r  monitoring wave form of force  output 
of shaker and of model response 

(6)  Electronic period counter: used t o  determine frequency of forced 
osc i l l a t ions  

(7) Recording potentiometer: indicated temperature of the model skin, t he  
moving coils,  and t h e  f i e l d  c o i l s  

(8) Electronic dampometer: measured t h e  logarithmic decrement and w a s  used 
t o  monitor t he  s t ruc tu ra l  damping i n  order t o  determine any la rge  changes due t o  
s t ruc tu ra l  f a i l u r e  

(9)  Oscillograph: recorded s igna ls  from model instrumentation pickups 

A block diagram of the  instrumentation setup i s  shown i n  f igu re  6. The sup- 
plementary resis tance measuring c i r c u i t  w a s  employed t o  determine accurately t h e  
res i s tance  of t he  moving co i l s  which varied because of temperature changes i n  the  
co i l s .  Immediately a f t e r  each t e s t  point, a battery-supplied voltage w a s  applied 
t o  t h e  co i l s  and t h e  voltage and corresponding current noted from the  voltmeter 
and ammeter, respectively.  
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- 
Electromagnetic shaker power and readout circuit  

Figure 6.- Block diagram of shaker, mode1,and readout instrumentation. 

Wind Tunnels 

The invest igat ion w a s  conducted i n  two wind tunnels.  The Langley 8-foot 
t ransonic  pressure tunnel w a s  used f o r  Mach numbers up t o  1.2 and t h e  Langley 
Unitary Plan wind tunnel w a s  used f o r  Mach numbers from 1.50 t o  2.87. 
nels  a re  of t h e  continuous-flow type with variable Mach number and density con- 
t r o l .  
l25O F. 

Both tun- 

Stagnation temperature i n  both tunnels w a s  held constant at approximately 

Test Procedure 

Before t h e  model was  mounted on t h e  sting, it w a s  supported on sof t  rubber 
cords a t  t h e  f irst  free-free bending mode nodal points  and i t s  na tura l  frequency 
determined. 
assemblies and shaken a t  i t s  resonant frequency. 
frequency i n  t h e  f i rs t  free-free mode was detectable. 

The model w a s  then mounted on t h e  s t i ng  v i a  the  support spring 
No change i n  node points  o r  

The tes t  procedure used i n  both tunnels w a s  essent ia l ly  the  same. After  
mounting the  model i n  t h e  tunnel it w a s  shaken a t  the  resonant frequency of t h e  
first f ree- f ree  bending mode with no a i r  flowing at several  t es t - sec t ion  



pressures from atmospheric down t o  moderately low vacuums, and with cooling a i r  
both on and of f .  No change i n  resonant frequency o r  damping w a s  observed f o r  
any of these conditions. While t h e  model w a s  v ibrat ing a t  a given amplitude, 
data necessary f o r  application of t h e  power-input method of determining damping 
were recorded. The power t o  t h e  shaker was then abruptly shut off (and t h e  
shaker moving co i l s  disconnected from the  e l e c t r i c a l  c i r c u i t ) ,  t he  decaying 
osc i l la t ions  of t he  model were recorded, and the  logarithmic decrement was meas- 
ured by the  electronic  dampometer. 
detecting any extreme changes i n  s t ruc tu ra l  damping due t o  s t r u c t u r a l  f a i lu re ,  
loose screws, and so for th .  After  obtaining the  no-wind data, t h e  model snubbers 
were extended and the tunnel s ta r ted .  When t h e  tunnel reached t h e  desired oper- 
a t ing  conditions the  model snubbers were re t rac ted  and t h e  above procedure 
repeated except t h a t  t he  decaying osc i l l a t ions  no longer produced a s igna l  t h a t  
w a s  "cleant' enough t o  permit t h e  use of t h e  dampometer. The process w a s  continued 
at the  various Mach numbers and a t  several  l eve l s  of dynamic pressure a t  each 
Mach number. 
1.5 X 10 6 based on a reference diameter of 0.428 f e e t .  

This device provided a quick means of 

The Reynolds number range f o r  t he  t e s t s  w a s  from 0.7 X lo6 t o  

DATA REDUCTION TECHNIQUE 

Relationships f o r  determining t h e  r a t i o  of damping t o  c r i t i c a l  damping from 
the  e l e c t r i c a l  measurements of t he  power-input method are developed i n  appen- 
d ix  A of reference 1. 
as follows i n  t h e  notation of t h e  present paper: 

The resu l t ing  expression (eq. (A22) of ref. 1) i s  given 

where 

(Xf> 

I 

MS 

P 

q1 

92 

R 

(u 

18 

mode-shape def lect ion a t  shaker locat ion 

current through shaker moving co i l s  

generalized mass of model 

e l e c t r i c  power consumed by shaker moving c o i l  c i r c u i t  

proportionali ty constant r e l a t ing  shaker force output t o  current 
applied t o  moving c o i l s  

proportionali ty constant r e l a t ing  product of model nose veloci ty  and 
applied force t o  power applied t o  moving c o i l s  

e l e c t r i c a l  res is tance of shaker moving c o i l  c i r c u i t  

natural  vibrat ion frequency a t  tes t  condition 



The s t r u c t u r a l  damping of t h e  model configurations t e s t ed  was found t o  be 
s l i g h t l y  dependent on amplitude of vibrat ion and model skin temperature as w a s  
t h e  case f o r  t he  models t e s t ed  i n  reference 1. I n  t h e  present invest igat ion a l l  
t e s t s  w e r e  m a d e  a t  the  same amplitude leve l .  However, s ince t h e  model skin tem- 
perature could not be controlled it w a s  necessary t o  construct ca l ibra t ion  curves 
of s t ruc tu ra l  damping r a t i o  against  skin temperature so  t h a t  s t ruc tu ra l  damping 
measured before t h e  tests could be corrected t o  correspond t o  t h a t  associated 
with t h e  skin temperature of t h e  model at  the  t e s t  point.  The temperature C a l i -  
b ra t ion  curves used f o r  t he  three  configurations a re  shown i n  f igure  7. The 
s t r u c t u r a l  damping r a t i o  i s  p lo t ted  against  t h e  model skin temperature as indi-  
cated by t h e  thermocouple located 11.25 inches from t h e  r ea r  of t h e  model. It 
w a s  o r ig ina l ly  conceived t h a t  t h e  average temperature indicated by t h e  three  
thermocouples d is t r ibu ted  along the  model would be used; however, it w a s  found 
t h a t  t h e  changes of s t ruc tu ra l  damping were much more sens i t ive  t o  changes i n  
temperature of t h e  scalloped skin sect ion of the model, pa r t i cu la r ly  t h e  port ion 
where t h e  model changes from a c i rcu lar  cross sect ion t o  a scalloped cross sec- 
t ion .  H e a t  applied t o  t h i s  area alone changed t h e  s t ruc tu ra l  damping of t he  
basic  model over 10 t i m e s  the  change i n  damping produced when the  f ron t  portions 
of t he  model were heated by the  same amount. Thus, it i s  believed t h a t  using t h e  
temperature of t h e  model i n  t h e  v i c in i ty  o f  the most rearward thermocouple pro- 
vided t h e  most nearly correct indicat ion of structural-damping change with 
temperature. 

I n  order t o  obtain the  aerodynamic damping from t h e  t o t a l  damping measured, 
t he  no-wind s t r u c t u r a l  damping w a s  adjusted t o  account f o r  t h e  difference i n  
wind-off and wind-on s t ruc tu ra l  damping due t o  model temperature changes. For 
convenience i n  presenting the  data, an average value of t h e  s t ruc tu ra l  damping 
r a t i o  w a s  then added t o  the  aerodynamic damping r a t i o  f o r  each tes t  condition t o  
give t h e  t o t a l  damping r a t i o  t h a t  i s  presented i n  t h e  r e su l t s .  

The r a t i o s  of aerodynamic damping t o  c r i t i c a l  damping obtained i n  t h i s  man- 
ner apply only t o  t h e  pa r t i cu la r  mechanical systems used i n  these t e s t s .  
order t o  m a k e  t h e  damping measurements of more general  value, a nondimensional 
damping force  der ivat ive Ch can be defined i n  terms of t h e  usual f l u t t e r  param- 
e te rs ,  reduced frequency and mass ra t io ,  i n  such a manner as t o  permit estimation 
of aerodynamic damping of similar configurations having somewhat d i f f e ren t  s t ruc-  
t u r a l  charac te r i s t ics .  

I n  

Thus, from equation ( A 4 )  

For t h e  configuration with the  winged spacecraft, t h e  lower l i m i t  of in tegra t ion  

i n  eq. ( 2 )  and subsequent equations i s  from t h e  winged spacecraft  nose, 
X - = -1.902 .) 
rr 
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Figure 7.- Variation of structural damping with model skin temperature. 
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Let 

s o  t ha t  

Thus, 121; represents an average value of cn, with respect t o  the  mode shape 

and geometry. 
parameters, 

If equation (3) i s  rewrit ten i n  terms of conventional f l u t t e r  

c i  = 2kp - 
Ccr 

where 

k reduced frequency, coL/V 

P an ef fec t ive  mass ra t io ,  MS where 

i s  equal t o  1.763, 1.718, and 2.41 f o r  

t h e  basic  model, basic  model with f ins ,  and bas ic  model with f i n s  
and l i f t i n g  spacecraft, respectively. The model radius function 

does not include the  f i n s  o r  l i f t i n g  spacecraft  wings. 
r(:) 

v flow ve loc i ty  

( 5 )  

rr reference radius, 0.214 f t  

P mass density of t e s t  medium 

L ove ra l l  length of configuration 

0 frequency of vibrat ion i n  mode of i n t e r e s t  

21 



MS generalized mass of configuration i n  vibrat ion mode of i n t e r e s t  

normalized mode shape H(%) 
function which describes shape of body and spec i f ica l ly  defined herein .(:) as l o c a l  radius of body excluding any winged surfaces.  

This damping-force der ivat ive C1; i s  usefu l  i n  scal ing model r e s u l t s  t o  
equivalent fu l l - s ca l e  conditions and i s  used i n  t h e  presentation of t h e  r e s u l t s  

of t h e  investigation along with the  damping r a t i o  

as defined herein, d i f f e r s  from t h a t  i n  reference 1 i n  t h a t  t he  denominator of 
t h e  effect ive mass r a t i o  p has been mult ipl ied by 

. This der iva t ive  C1;, CA + cs 
Ccr 

t h s ,  it i s  "weighted" with respect t o  t h e  body shape and t h e  square of t h e  mode 
shape. 
a t o r  i s  the generalized mass (which contains t h e  square of t h e  mode shape) 
instead of t h e  physical m a s s  of t h e  configuration. 

It is  f e l t  t h a t  t h i s  i s  a more log ica l  de f in i t i on  of p since t h e  numer- 

RESULTS AND DISCUSSION 

The values of damping measured i n  t h i s  invest igat ion f o r  t h e  various model 
Shown i n  f ig -  configurations and tes t  conditions a r e  shown i n  f igures  8 and 9. 

ure 8 i s  the var ia t ion  of t he  r a t i o  of t o t a l  damping t o  c r i t i c a l  damping with t h e  
flow parameter pV ( tes t - sec t ion  a i r  densi ty  multiplied by the  free-stream 
veloci ty)  for  t h e  three  model configurations osc i l l a t ing  i n  the f i rs t  f ree- f ree  
bending mode at several  Mach numbers. The parameter pV i s  used because theo- 
r e t i c a l  approaches predict  a l i n e a r  var ia t ion  of aerodynamic damping 
pV f o r  a given Mach number. (See t h e  appendix.) 

CA with 

The dashed l i n e  i s  t h e  average s t ruc tu ra l  damping r a t i o .  Although the re  i s  
s c a t t e r  i n  the  data, some observations can be m a d e .  
t h e  aerodynamic damping measured on t h e  bas ic  model configuration i s  very s m a l l ,  
being on the order of 20 percent of t h e  s t r u c t u r a l  damping r a t i o  a t  t h e  maximum 
pV tested. The absolute value of t h e  m a x i m u m  aerodynamic damping r a t i o  i s  t h e  
same order of magnitude as w a s  measured on t h e  simpler blunt cone-cylinder model 
used i n  reference 1. 
ent  investigation was approximately two t i m e s  t h a t  of t h e  fu l l - s ca l e  vehicle.  
The magnitude of aerodynamic damping i n  t h e  f irst  f l ex ib l e  mode t h a t  t h e  fu l l -  
sca le  vehicle would experience along i t s  t r a j e c t o r y  can be estimated by using 
average values of t h e  aerodynamic damping der iva t ive  
l a t e r .  

Note t h a t  i n  f igu re  8(a) 

The s t ruc tu ra l  damping r a t i o  of t h e  bas ic  model i n  t h e  pres- 

CA which w i l l  be presented 
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( a )  Basic model. 

Figure 8.- Variation of total damping r a t i o  with flow parameter. 

The e f f e c t s  on the  t o t a l  damping r a t i o  of adding f i n s  t o  t h e  rear of t h e  

The addi t ion of t h e  winged 
bas ic  model and of adding f i n s  t o  t h e  r ea r  and a winged spacecraft  t o  t h e  nose 
are shown i n  f igures  8(b) and 8 (c ) ,  respectively. 
spacecraft  t o  t h e  basic  model with f i n s  changed t h e  mode shape, generalized m a s s ,  
and s t r u c t u r a l  damping r a t i o  of t h e  bas ic  model configuration ( table  I and f i g .  5 )  
so t h a t  t h e  t o t a l  damping r a t i o s  of t h e  two configurations are not d i r e c t l y  
comparable. 

I n  f igu re  9 t h e  aerodynamic damping derivative Cfi f o r  t h e  first free-  

f r e e  v ibra t ion  mode of a l l  th ree  model configurations i s  p lo t ted  against  Mach 
number. Generally, a more pronounced Mach number e f fec t  on Ch occurred than 

w a s  observed f o r  t h e  simpler blunt cone-cylinder model of reference 1. 

Also shown i n  f igure  9 are some aerodynamic damping der ivat ives  calculated 
from several. t heo re t i ca l  approaches ( see  the appendix f o r  an explanation of how 
these various theories  were applied) and some values f o r  t h e  basic  model obtained 
from quasi-steady calculations based on s t a t i c  pressure-dis t r ibut ion measurements 
made on a r i g i d  model of s i m i l a r  geometry. 
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From f igure  9(a)  it may be seen t h a t  f o r  the bas ic  model t h e  momentum-theory 
values approximate t h e  experimental values of 
higher and the  t rend of t h e  experimental resu l t s  i s  not followed. Piston-theory 
values, although higher than experimental values, do ind ica te  the  general t rend 
i n  the  var ia t ion  of C *  with Mach number. The analysis  of reference 7 w a s  
applied by t h e  s t a f f  at  t h e  Ames Research Center t o  calculate  damping der ivat ives  
f o r  t h e  basic  model configuration only. This analysis a l so  gives values t h a t  are 
high with respect t o  the  experimental values b u t  predicts  a less-pronounced Mach 
number e f fec t  than does pis ton theory. 

C i  obtained from quasi-steady calculations based on t h e  s t a t i c  pressure d is t r ibu-  
t i o n  measurements on a r i g i d  model ( r e f .  6) and on some similar unpublished meas- 
urements made a t  Mach number 1.57 agree well with the  experimental r e su l t s .  

c.I;, although they a r e  somewhat 

h 

A t  Mach numbers 1 .2  and 1.3,  values of 

I 
(a) Basic model. 

h C 

Empirical, unpublished da ta  

Piston theory, Ref; 2 

0 .4 .8 1.2 1.6 2. a 2.8 

Mach number 

Figure 9.- Variation of aerodynamic damping der iva t ive  with Mach number. 
Ch = 2pk -. CA 

Ccr 

A comparison of experimental and theore t ica l  values of t h e  aerodynamic 
damping der iva t ive  C c  f o r  t he  model with f i n s  i s  shown i n  f igure  9(b) .  Both 
p is ton  theory and momentum theory with two-dimensional supersonic flow theory of 
reference 5 used on f i n s  predict  the  increased values of % t h a t  occurred with 
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( b )  Basic model w i t h  f i n s .  

Figure 9. - Continued. 

t h e  addition of t he  f i n s  over most of t h e  supersonic Mach number range although 
t o  a l e s s e r  extent than w a s  measured experimentally. 
experimental t rends do not agree. The e f f ec t  of including f i n s  i n  t h e  momentum- 
theory calculations f o r  subsonic flow with two-dimensional incompressible-flow 
theory of reference 4 used on f i n s  w a s  t o  raise t h e  values of Ci considerably, 

and although t h e  experimental values at subsonic speeds were a l so  raised by the  
addi t ion of the f i n s  t h e  calculated values were s t i l l  approximately 50 percent 
g rea t e r  than the  experimental values. 

However, t he  calculated and 

I n  figure 9(c) ,  which presents t he  r e s u l t s  of t h e  invest igat ion of t h e  bas ic  
model with f i n s  and a winged spacecraft, piston-theory r e su l t s  a r e  i n  good agree- 
ment with both the  magnitude and the  t rend  of t he  var ia t ion  of Ci with Mach 
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( c )  Basic model with f i n s  and winged spacecraft .  

Figure 9.- Concluded. 

number over ' the  applicable range although s l igh t ly  low. Subsonically, momentum- 
theory r e s u l t s  agree very well  with the  experimental results. 

The e f f ec t  on the  aerodynamic damping derivative Cfi of adding f ins ,  and of 
adding both f i n s  and a winged spacecraft t o  the basic  model are compared i n  f i g -  
ure  10. The var ia t ion  of C1; with Mach number f o r  each configuration presented 
i n  t h i s  f i gu re  w a s  obtained by averaging the experimental values shown a t  each 
Mach number i n  f igure 9. From figure 10 it i s  seen t h a t  t h e  addi t ion of f i n s  t o  
t h e  bas ic  model s l i g h t l y  increased the  aerodynamic damping der ivat ive a t  Mach num- 
bers below 1.0 and g rea t ly  increased it at the higher Mach numbers. 
of adding t h e  winged spacecraft t o  t h e  basic model with f i n s  ( resu l t ing  i n  a mode 

The net effect 
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shape change) w a s  t o  raise t h e  values of 
range and t o  lower them i n  t h e  higher Mach number range. 

Cl; s l i g h t l y  i n  t h e  transonic speed 

1.2 

0 

-Basic model with f ins  

Basic model with f ins  
and winged spacecraft 

~- ~ 

1.0 2.0 3.0 L O  5.0 6.0 

Mach number 

Figure 10.- Effect of configuration changes on the  var ia t ion  of t h e  aerodynamic damping der ivat ive 
with Mach number. 

A s  mentioned previously, t h e  aerodynamic damping der ivat ive Cl; can be used 

t o  obtain an estimate of t h e  aerodynamic damping t h a t  t he  fu l l - s ca l e  vehicle would 
experience along i t s  t ra jec tory .  The t r a j ec to ry  used i n  t h e  design of t he  model 
w a s  used t o  obtain the  var ia t ion  of pV with Mach number. The frequency varia- 
t i o n  with Mach number w a s  estimated from fu l l - sca l e  shake tests which varied 
booster mass d i s t r ibu t ion  t o  account f o r  t h e  burning of t h e  propellant.  
mate of the  fu l l - sca le  generalized mass at  
t h e  generalized mass of t h e  model using t h e  model-to-vehicle weight r a t i o .  It w a s  
assumed tha t  t he  mode shape of t h e  model w a s  t h e  same as t h e  mode shape of t he  
fu l l - s ca l e  vehicle, t h a t  it did not change with Mach number, and t h a t  t h e  general- 
i zed  mass at Mach numbers other  than 1.2 varied inversely with the  square of t h e  
r a t i o  of t he  frequency a t  t h a t  Mach number t o  t h e  frequency at  The 

va r i a t ion  of these parameters with Mach number i s  shown i n  f igure  11. With the  
use of average experimentally determined values of a t  each Mach number from 
f igure  g(a) ,  t h e  r a t i o  of aerodynamic damping t o  c r i t i c a l  damping f o r  t he  f u l l -  
sca le  vehicle w a s  calculated and p lo t ted  against  Mach number i n  f igure  12. From 
t h i s  f igure it i s  seen t h a t  t h e  m a x i m u m  aerodynamic damping along t h e  t r a j ec to ry  
occurs a t  about N M ~  = 1.2 ( m a x i m u m  dynamic pressure occurred a t  NMa = 1.3 f o r  
t h e  t ra jec tory  used) and i s  s m a l l .  
less than 0.3 percent of c r i t i c a l  damping. 

An esti-  
w a s  obtained by scal ing up Nm = 1.2 

NMa = 1.2. 

Ch 

The m a x i m u m  value of aerodynamic damping i s  
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Although an attempt w a s  made t o  measure aerodynamic s t i f f n e s s  i n  addi t ion 
t o  aerodynamic damping i n  the  e l a s t i c  modes, as  w a s  t h e  case f o r  t he  simpler 
models tes ted i n  reference 1, no discernible  change i n  model frequency w a s  appar- 
ent  outside the  normal s c a t t e r  i n  t h e  data  between the  wind-cff and the  various 
tunnel wind-on conditions. (Wind-on frequency determination w a s  accurate only t o  
approximately 1 percent.)  

A s  mentioned previously, hoop modes appearing i n  the  free-free bending modes 
higher than the  f i rs t  precluded t e s t i n g  i n  these vibrat ion modes and coupling 
between the rigid-body p i t ch  and s t ing  motions prevented t h e  obtaining of any use- 
f u l  data  on aerodynamic damping and s t i f f n e s s  i n  t h e  rigid-body p i tch  mode of 
vibration. 

CONCLUDING RENARKS 

Aerodynamic damping measurements made on a f l ex ib ly  mounted 0.02-scale aero- 
e l a s t i c  model of t he  Saturn SA-1 launch vehicle, and o ther  configurations, 
vibrat ing i n  t h e  f i rs t  free-free bending mode a t  Mach numbers from O.7G t o  2.87 
indica te  tha t  t h e  aerodynamic damping w a s  s m a l l  and s t ab i l i z ing  f o r  all configura- 
t i o n s  tested.  
w a s  about 20 percent of t h e  s t ruc tu ra l  damping r a t i o .  The la t te r  w a s  about two 
times the  fu l l - sca le  value. The addition of f i n s  a t  t h e  rear of t h e  model 
increased the  value of aerodynamic damping measured throughout most of t h e  Mach 
number range. The addition of t h e  winged spacecraft  a l t e r ed  the  mode shape with 
t h e  ne t  resu l t  t h a t  t he  aerodynamic damping increased s l i g h t l y  i n  t h e  subsonic 
and transonic Mach number ranges but decreased a t  Mach numbers above 1.3. 

The m a x i m u m  aerodynamic damping r a t i o  measured on the  basic  model 

Aerodynamic s t i f f n e s s  e f f ec t s  were found t o  be s m a l l  and f e l l  within t h e  
experimental. s c a t t e r  since wind-on frequency determination w a s  accurate only t o  
approximately 1 percent. 

Agreement of calculated aerodynamic damping der ivat ives  with the  experimental 
results was e r r a t i c .  A t  supersonic speeds, p i s ton  theory generally gave the  bes t  
agreement except t h a t  f o r  t h e  basic  model t h e  analysis  of NASA Technical 
Note D-859 gave closer  agreement with experimental r e su l t s  at  t h e  lower supersonic 
Mach numbers. 
subsonic range and low i n  t h e  supersonic range except f o r  t h e  basic  model where 
t h e  r e su l t s  were s l i g h t l y  high throughout most of t h e  Mach number range. 

Results of momentum-theory calculations were generally high i n  t h e  

For the bas ic  model, good agreement w a s  obtained between the  experimental 
r e s u l t s  and some empirical quasi-steady calculat ions based on s t a t i c  pressure 
d i s t r ibu t ion  measurements made on a r i g i d  model of s i m i l a r  geometry. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, V a . ,  June 14, 1963. 



APPENDIX 

CALCULATED AERODYNAMIC DAMPING COEFFICIENTS 

The considerations used in applying the various theories are, for the most 
part, presented in appendix B of reference lbut for completeness they are given 
and amplified herein. 

The theoretical model used herein is made up of conical and cylindrical sec- 
tions. 
in its first transverse bending mode at circular frequency (I), with tip amplitude 
b(t) and normalized mode shape H($). The theoretical model differs from the 

experimental one in that the conical nose is assumed to be sharp and the scal- 
loped first stage of the experimental model is assumed to be of a circular cross 
section with a radius (0.214 ft) such that the circular cross section just 
encloses the scalloped cross section. 
desired, only those forces generated by the vertical velocity 

considered. 

1 I The model is oscillating harmonically about a mean angle of attack of 0' 

Since only the aerodynamic damping is 

The generalized force associated with the aerodynamic damping is 

where A is the distribution of the aerodynamic damping forces per unit length. 

By use of a quasi-steady approach the distribution function A may be 
expressed as 

where 

radius function which describes shape of body 

see t ion steady- stage normal- force- curve slope 

normalized angle of attack 



Equation (Al) may now be written as 

where the term in the brackets is CA. In nondimensional form, 

In general, the equation for the aerodynamic damping ratio has to be integrated 
in several parts (conical nose, truncated conical portions, and cylindrical por- 
tions). 

The expression for the section normal-force-curve slope as predicted by 
second-order piston theory of reference 2 is 

where 

9 angle between sloping portions of model surface and undeflect- ad center 
line in vertical plane 

7 ratio of specific heats 

Another theory which lends itself readily to aerodynamic damping calcula- 
tions is the linear small-aspect-ratio unsteady-flow theory given in reference 3. 
This theory gives the following equation for A 

The aerodynamic damping coefficient is 

Performing the integration in equation (A7)  yields a very concise expression for 
the aerodynamic damping, which is 

32 



CA = JrpVrm2H2(L) 

where 

H(L) value of normalized def lect ion shape a t  r e a r  of model 

rm radius of cy l indr ica l  portion of model at rear ,  0.217 f t  

I n  reference 7, an analysis  based on a slender-body approximation i s  pre- 
sented, t h e  solut ion of which i s  obtained i n  a d e f i n i t e  i n t eg ra l  t ha t  has not 
been found t o  be integrable  i n  closed form. Evaluation of t he  in t eg ra l  has been 
accomplished by numerical methods, and the computation forms have been programed 
f o r  t he  IBM 704 e lec t ronic  data  processing machine f o r  ce r t a in  cases. 

The analysis  of reference 7 has been used by the  s t a f f  of the  Ames Research 
Center t o  ca lcu la te  values of t he  damping force der iva t ive  
f l e x i b l e  mode of the  basic  model configuration a t  some supersonic Mach numbers. 
The r e s u l t s  of these calculat ions a re  presented i n  f igu re  9 along with t h e  
results of t he  o ther  t heo re t i ca l  approaches used. 

C h  f o r  t he  f i rs t  

For the  model configurations t h a t  had the f i n s  and the  winged spacecraft  
and f in s ,  the  e f f e c t s  of these surfaces were accounted f o r  i n  the  following man- 
ner: I n  the  subsonic Mach number range, the two-dimensional incompressible-flow 
theory of reference 4 w a s  used t o  ca lcu la te  values of 

momentum theory w a s  used f o r  the  body and winged spacecraft  surfaces. 
supersonic Mach number range, the  two-dimensional supersonic-flow theory of re f -  
erence 5 w a s  used t o  ca lcu la te  values of f o r  t he  f ins ,  and momentum theory 

w a s  used f o r  t h e  body and winged spacecraft  surfaces.  

cn, f o r  the  f in s ,  and 

I n  the  

In  performing these calculat ions,  t he  f i n s  were assumed t o  be r i g i d  with 
the  normal force  ac t ing  a t  the  center  of the area.  
surfaces were a l so  assumed t o  have no spanwise va r i a t ion  of motion. 

The winged spacecraft  wing 
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